The polypeptide sequence of the v-sis transforming gene product of simian sarcoma virus (SSV) can be divided into four regions that are likely to represent structural domains of the protein. Mutations were generated in the SSV nucleotide sequence to assay the extent or function of each of these regions. The results indicate that the helper virus-derived amino-terminal sequence as well as a core region homologous to polypeptide chain 2 ofplatelet-derived growth factor (PDGF) are required for the transforming function of the protein.
The simian sarcoma virus (SSV) transforming gene, v-sis, is derived from the cellular gene encoding platelet-derived growth factor polypeptide chain 2 (PDGF-2), a major component of PDGF (1) (2) (3) . Nucleotide sequence analysis of v-sis (4) predicts that only a portion of its gene product is homologous with the PDGF-2 (3) (4) (5) (6) 20) . While the entire PDGF-2 sequence is encompassed within the v-sis gene product, there are three regions of the predicted protein that are unrelated to PDGF. These include the amino terminus of the transforming protein, which is encoded by sequences derived from the helper virus env gene, as well as two v-sis cell-derived regions immediately flanking the PDGF-2 homologous sequence. These distinct regions of predicted polypeptide sequence suggest a multidomain structure for the v-sis transforming gene product.
The processing of the v-sis gene product in cells transformed by SSV also reflects a multidomain structure. The primary v-sis translational product, p28SiS, is much larger than the PDGF-2 polypeptide present in PDGF preparations (7, 8) . Previous studies have suggested that post-translational modifications of the v-sis gene product result in dimer formation and internal cleavage of amino-and carboxyl-terminal domains to yield a protein analogous to a PDGF-2 dimer (9) . In the present study, we have subjected the p283s5 coding sequence to in vitro mutagenesis to determine the contributions of these p28sis domains to the transforming function(s) of the protein.
MATERIALS AND METHODS
Construction of SSV Mutations. All SSV variants were derived from a plasmid, pSSVSV2, that contained a biologically active SSV proviral genome previously described (7, 10) . The pSV2gpt vector encodes plasmid replication functions and contains a gene that confers resistance to mycophenolic acid and hypoxanthine/aminopterin/thymidine (HAT) media when transfected into eukaryotic cells in culture (11) . The structure of each mutant is shown in Fig. 1. pSSVm-l. DNA from pSSVSV2 was isolated from bacteria containing the dam-mutation. As no DNA methylation occurs in this host, plasmid DNA could then be cleaved at the unique Bcl I site located at codon -89. The four-nucleotide overhang of the Bcl I cleavage was blunt-ended with DNA polymerase large fragment, religated with T4 DNA ligase, and used to transform Escherichia coli C600.
pSSVm-2. The deletion of codons -55 to -1 was accomplished in several steps. A convenient BamHI restriction site was introduced at codon 1 by using oligonucleotide sitedirected mutagenesis of an M13mp9 bacteriophage carrying the Sal I/BamHI fragment of SSV DNA, which includes the entire v-sis sequence. Recombinant M13 phage DNA was introduced into E. coli JM103 as described (12, 13) . M13 phage containing the altered v-sis gene were identified by stringent hybridization to radioactive mutagenic oligonucleotide and confirmed by DNA sequence analysis. To join codon 1 to codon -55, double-stranded DNA from the above M13 phage was cleaved with Mst II and BamtIl. The DNA ends were made flush with DNA polymerase large fragment and ligated with T4 DNA ligase. Phage that had undergone the desired deletion were identified first by hybridization to region-specific DNA probes and their structures were then confirmed by DNA sequence analysis. The altered sequence was excised from the M13 double-stranded DNA by Sal I and BstEII cleavage and ligated into pSSVSV2 from which the analogous Sal I/BstEII fragment had been removed. pSSVm-3. pSSVSV2 DNA was cleaved at the unique BstEII site located at codon 127, treated with DNA polymerase large fragment, and rejoined by using T4 DNA ligase. Such molecules were cloned by transformation of E. coli C600.
pSSVm-4. pSSVSV2 DNA was cleaved with Pvu II, which recognized sites at codons 66 and 103. DNA was religated after removal of the 112-bp fragment and used to transform E. coli C600. This manipulation altered the reading frame after codon 66, introducing a translation stop codon 12 bp downstream.
Transfection of NIH 3T3 Cells. Plasmid DNA from each variant was linearized with EcoRI and introduced into NIH 3T3 cells by the calcium phosphate precipitation technique (14, 15) . Morphologically transformed foci were scored on NIH 3T3 monolayers 3 weeks after transfection. Cells containing nontransforming variants were selected by their resistance to HAT medium containing mycophenolic acid (11) .
Analysis of v-sis RNA. Total cellular RNA was isolated from cultures of NIH 3T3 cells containing pSSVSV2, pSSVm-1, or no plasmid, using the guanidine hydrochloride method (16 125 ,uCi/ml, as the only methionine and cysteine. The cells were washed with phosphate-buffered saline and lysed hypotonically in 2 ml of cold 1 mM sodium phosphate, pH 7.8, by scraping and Dounce homogenization. Postnuclear supernatants were centrifuged at 100,000 x g for 90 min. To release sis proteins from the membrane the pellet was resuspended in 10 mM sodium phosphate at pH 7.5, boiled for 10 min, and clarified by centrifugation at 57,000 x g. Immunoprecipitations were conducted in 100 mM NaCl/1% Triton X-100/0.5% sodium deoxycholate/0.1% sodium dodecyl sulfate/0.1 mM phenylmethylsulfonyl fluoride for 60 min at 40C. Immune complexes were recovered with the aid of Staphylococcus aureus protein A bound to Sepharose beads (Pharmacia) and analyzed in sodium dodecyl sulfate/14% polyacrylamide gels as described (18) . Each Role of Helper-Virus-Derived env Sequences. Nucleotide sequence analysis of SSV has revealed that its helper-virusderived env gene sequence immediately preceding v-sis contains three methionine codons, each of which is theoretically capable of initiating translation ofthe SSV transforming gene product (4) . These codons are located -111, -98, and -66 positions, respectively, upstream of the sis/PDGF-2-related domain (see Fig. 1 ). Initiation at Met -66 would produce a polypeptide of 25,900 daltons, a molecular mass in close agreement with that of the primary nonglycosylated v-sis translation product detected in SSV-transformed cells (unpublished data). However, the fact that p28SiS is a membrane-associated glycoprotein (unpublished data) strongly suggests that a signal peptide is required for the translocation of the nascent v-sis polypeptide into the lumen of the endoplastic reticulum.
The sequence immediately downstream of Met -98 contains a stretch of amino acids that possesses features in common with previously described signal peptides (19) . To test whether translation of the region between Met -98 and Met -66 was necessary for transformation, we introduced a frameshift mutation that would alter the sequence for polypeptides initiating at either Met -111 or Met -98, but not Met -66 (Fig. 1) . The structure of this mutant, designated SSVm-1, was confirmed by nucleotide sequence analysis. As shown in Table 1 , SSVm-1 possessed no transforming activity when introduced into NIH 3T3 cells by DNA transfection.
We constructed our SSV mutants in the pSV2gpt vector, which contains a dominant selectable marker (11) . When cells transfected with SSVm-1 were selected in HAT medium containing mycophenolic acid and grown up for analysis, they were found to express v-sis-related RNA at levels similar to the level in cells transformed with wild-type SSV DNA (Fig. 2) . However, using antisera previously shown to recognize either amino-terminal (anti-sis-N) or carboxylterminal (anti-sis-C) domains of p28s" (7, 8) Role of v-sis-Encoded Domains Flanking the Domain Related to PDGF-2. To assess the potential functional role of amino acid sequences flanking the PDGF-2 homologous region of p28sis, we constructed a deletion mutant, SSVm-2, that contained all three putative translation initiation codons provided by the helper-virus-derived env gene, fused directly to the PDGF-2 homologous coding sequence (Fig. 1) . The SSVm-2 construction, which contained an otherwise unaltered SSV genome, retained efficient transforming activity comparable to that of the wild-type SSV DNA (Table 1) .
To investigate what effect this missing domain might have on the structure and processing of this altered sis gene product, we subjected SSVm-2-transformed cells to immunoprecipitation analysis using anti-sis-C or anti-PDGF serum, which recognize, respectively, the carboxyl-terminal flanking domain and internal PDGF-2 domain of p28SiS. On the basis of its coding capacity, the SSVm-2 translational product was predicted to be a 22,000-dalton molecule that would be detectable with anti-sis-C or anti-PDGF serum. As shown in Fig. 3 When the same immunoprecipitates were analyzed under nonreducing conditions, we observed a 42,000-dalton species specific to SSVm-2 transformants when either anti-sis-C or anti-PDGF serum was used (Fig. 3, lanes A6 and A8) . This species was consistent with that predicted for a p22 dimer and readily distinguishable from the p56 species observed in wild-type SSV DNA transfectants (lane A5). The PDGF antiserum detected in pSSVm-2 transformants an additional protein indistinguishable from p24SiS, which is the most mature processed form of the wild-type v-sis/PDGF-2 translational product (Fig. 3, lane A8) . These findings indicated that the region upstream from the PDGF-2-related coding region of v-sis was not required for either dimer formation or subsequent processing. Moreover, the ability of this mutant to efficiently transform cells demonstrated that this region does not play an essential role in transforming function(s) of the v-sis product.
Subsequent to amino-terminal processing, the SSV transforming gene product is cleaved at a location toward its carboxyl terminus (9) . Although the exact processing site is not known, predicted homology to human PDGF polypeptides extends at least to position 109 of p28sis. To examine the role of the p28siS carboxyl-terminal domain, we introduced a translation termination signal following codon 128 ofthe v-sis coding sequence (Fig. 1) . The structure of this DNA molecule, designated SSVm-3, was confirmed by nucleotide sequence analysis. As shown in Table 1 , the SSVm-3 DNA construct was as efficient in transformation assays as the parental SSV DNA molecule.
Immunoprecipitation analysis of cells transformed by SSVm-3 revealed the expression of a 25,000-dalton protein (Fig. 3, lane B1 ) detectable by using anti-sis-N serum under reducing conditions (Fig. 3) . When analyzed in nonreducing gels, the apparent dimer form of this molecule, a protein species of 49,000 daltons, was detected (Fig. 3, lane B3) . The PDGF antiserum recognized apparent dimeric species of 28,000 and 24,000 daltons in addition to the 49,000-dalton protein (lane B5). Thus, the absence of the carboxyl-terminal 32 amino acids of the primary v-sis translational product had no effect on dimer formation or subsequent processing, nor was this sequence essential for SSV transforming activity.
Role of the PDGF-2-Like Domain in SSV Transformation. Our findings that v-sis-encoded amino-and carboxyl-terminal domains of p28SiS were not necessary for transforming activity implied that such activity must be localized within the PDGF-2-related domain. To test this possibility directly, we introduced a translation frameshifting mutation at codon position 66 localized within the PDGF-2-related coding sequence of v-sis (Fig. 1) . As shown in Table 1 , this mutant, designated SSVm-4, did not induce focus formation upon DNA transfection (Table 1) .
By marker selection, we obtained cell populations containing SSVm-4. As shown in Fig. 2 , immunoprecipitation analysis revealed a v-sis-encoded gene product of 18,000 daltons that was specifically detected with anti-sis-N serum. The electrophoretic mobility of this protein was identical whether analyzed under reducing or nonreducing conditions (Fig. 3, lane C1 or C3 ). These findings demonstrated that the PDGF-2-related domain of p28"Sl is required for SSV transforming activity and that v-sis-encoded amino acids between positions 62 and 128, not present in SSVm-4, must be necessary for dimer formation as well.
DISCUSSION
The homology between the SSV transforming gene product, p28s1s, and PDGF-2 has provided important insights into the mechanism of transformation by SSV (1) (2) (3) (4) (5) (6) 20) . This extensive homology has suggested that the protein domain similar in structure to PDGF may be the critical part of the v-sis product required for its transforming function (6, 20 (19) . These findings are consistent with a recent report which described the requirement of this signal sequence for v-sis transformation (21) . The open reading frame of a cDNA clone derived from transcripts of the human sis proto-oncogene also predicts a signal-like peptide at an analogous position (22) . Thus, it is likely that processing of the normal human sis/PGDF-2 product, like that of its v-sis-encoded counterpart, involves the use of a signal sequence for insertion into the endoplasmic reticulum.
Two v-sis coding regions flanking the PDGF-2-encoding sequence were shown to be dispensable to v-sis transforming function. Nucleotide sequence comparison of New World primate-derived v-sis and human c-sis has revealed that their predicted amino acid sequences are more than 90% conserved in each of these two dispensable regions (1) (2) (3) (4) . This degree of evolutionary relatedness is greater than that observed for myoglobin (23) or fibrinopeptides A and B (24) . Thus, while these flanking sequences are dispensable for v-sis transforming activity, they may provide important function(s) in the maturation or storage of PDGF at its site of normal biosynthesis.
PDGF preparations contain two distinct but related polypeptide chains (5, 6) . Biologically active PDGF exists as a disulfide-bonded dimer(s), but it is not yet known whether it is composed of homodimers, heterodimers, or both. In SSV-transformed cells, p28sis is rapidly processed to a disulfide-linked 56,000 dalton species, implying homodimer formation (9) . Our present findings substantiate this conclusion, since deletion mutants giving monomeric forms of 22,000 and 25,000 daltons yielded disulfide-linked dimers of 44,000 and 49,000 daltons, respectively. These results, in combination with knowledge of the processing of the wildtype SSV transforming protein, conclusively establish the homodimeric structure of this protein.
The lowest molecular mass form of the processed sis/PDGF-2 dimer is a 24,000-dalton species (9) . While this species is known to result from processing at both amino and carboxyl termini of the 56,000-dalton dimer (9), the sites of cleavage have not as yet been precisely established. In cells transformed by pSSVm-2 and -3 deletion mutants, the processed 24,000-dalton species was observed. Thus, the p24sis dimer must be encoded within the region between codons 1 and 128 in the v-sis sequence. Since amino acid positions 1 and 109 define the extent of the PDGF-2 homology, we conclude that the p24Sis molecule present in SSV-transformed cells is likely to be a homodimer of PDGF-2-like chains. This core PDGF-2-like polypeptide must contain the necessary structural determinants required to allow folding of the transforming protein into dimeric structures that can interact with critical cellular targets. Thus, in searching for such determinants, it is now possible to focus on the PDGF-2-related domain of the SSV transforming gene product. 
